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(57) ABSTRACT

A power amplifier includes an output terminal, capacitive
element groups including capacitive elements, and amplifier
groups including amplifiers. Capacitive elements of the
capacitive element groups are disposed on a first circle whose
center is located on the output terminal. Amplifiers of the
amplifier groups corresponding to the capacitive elements of
the capacitive element groups are disposed on a second circle,
which is concentric with and larger than the first circle. Each
of'the capacitive elements of the capacitive element groups is
connected to both the output terminal and the corresponding
amplifier of the amplifiers of the amplifier groups.

6 Claims, 4 Drawing Sheets

L 207, 3

204%, :
S




U.S. Patent Mar. 22, 2016 Sheet 1 of 4 US 9,294,040 B1

0o
R
[a
. (&) <§c L~
]
1
[ ]
[}
]
]
|
1 ~t
R
(&) % ~F,
»
~— R
[a i
o =0 © = '8
LL
N
0
[a
o = L~
]
]
[ §
I
I
! =
i 2
! [a il
L (_) <§E "\C\)




US 9,294,040 B1

Sheet 2 of 4

Mar. 22, 2016

U.S. Patent

|

1INOYID
ONIHOLYI

avd

y o u

A N K
L ioiveen ) omveen)
(R by -eegees I
H I 1 |
OINVO-ND | gl 1 | il
“ * ........ USSP SSRNPIY'V U Sy g

I ) 1 *

9
]
N (Nu)
¢ 9ld

|
‘‘‘‘‘‘ B e

JONVLIOVAYD THD 1L 1Nd1NO
QWY INdINONTIMEE  ASQ3SNWD
NI A8 43SV

7L /i
T i
(0 I O 117 R
i — - |
_ m by _
| m MUN) 1y WOHUN) 1
o I Y
| T v
JONYLIOVAY) T30 1L 10dLNO

ANV LNdLNO N33mL3d A8 (35N¥D
ONIFIM AG 035AVD



U.S. Patent Mar. 22, 2016 Sheet 3 of 4 US 9,294,040 B1

_______

____

AMPH CH— PAD M C HAMP
\ L\ H
202 204 /T
302 203" 304

’
’

- e

N 4
s ”"303 -
~ -
~ A th -
S~a .

~. -
-




U.S. Patent Mar. 22, 2016 Sheet 4 of 4 US 9,294,040 B1

FIG. 5
400
101 Sl A\‘r‘\/ b
; PN ~a %
; 202 20, -
AP H Gl PAD ¢ AMP
— 201/ T4
\ 302 ‘(13 é” 304 /
3030y~ 21301 '
ol | > ,
AMP| | AMP ’
205 208
orm A AN A =
05-05 & oo
L e | E o3
oo 5 s 7 BB iE0
e A S n
L RN il ]
_l__ _l I_ l_l I_!!'_ [_ _II_ I_ _I__ :
O O :
o




US 9,294,040 B1

1
POWER AMPLIFIER AND TRANSMISSION
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of pending U.S. application Ser. No.
14/537,921, filed on Nov. 11, 2014, the disclosure of which is
incorporated by reference herein in its entirety.

BACKGROUND

1. Technical Field

The present disclosure relates to a power amplifier and a
transmission device which use a complementary metal-oxide
semiconductor integrated circuit (CMOS-IC).

2. Description of the Related Art

An exemplary known power amplifier using a CMOS-IC is
a switched capacitor power amplifier (SCPA) which achieves
high efficiency (for example, see Sang-Min Yoo, Jeffrey S.
Walling, Eum Chan Woo, Benjamin Jann, and David J. Alls-
tot, “A Switched-Capacitor RF Power Amplifier”, IEEE
JOURNAL OF SOLID-STATE CIRCUITS, VOL. 46, No.
12, DECEMBER 2011). An SCPA which is a kind of class D
amplifier performs amplitude modulation by changing the
number of amplifiers switching between the power supply
voltage and the ground (GND).

However, an SCPA of the related art fails to maximize the
output power and the power efficiency. This problem will be
described by using FIG. 1. FIG. 1 is a diagram illustrating an
exemplary configuration of an SCPA of the related art.

In FIG. 1, the SCPA includes an output terminal 10, mul-
tiple capacitative elements (C) 11 to 15, and multiple ampli-
fiers (AMP) 21 to 25. The capacitative elements 11 to 15 and
the amplifiers 21 to 25 are disposed in such a manner as to be
aligned in lines. In this configuration, the lengths of wiring
from the amplifiers 21 to 25 to the output terminal 10 are
different from each other. For example, the length of wiring
from the amplifier 21 to the output terminal 10 is larger than
that from the amplifier 23 to the output terminal 10. There-
fore, the former wiring has larger parasitic capacitance and
larger parasitic resistance. Accordingly, the output power and
the power efficiency fail to be maximized.

SUMMARY

Thus, a non-limiting exemplary embodiment of the present
disclosure provides an SCPA that achieves reduction in para-
sitic capacitance and parasitic resistance which are caused by
the length of wiring and that achieves maximization of the
output power and the power efficiency.

In one general aspect, the techniques disclosed here feature
a power amplifier including an output terminal, multiple
capacitative elements, and multiple amplifiers. The capacita-
tive elements are disposed on a first circle whose center is
located on the output terminal. The amplifiers correspond to
respective capacitative elements, and are disposed on a sec-
ond circle which is a concentric circle larger than the first
circle. Each of the amplifiers is connected to a corresponding
capacitative element and linearly aligned with the output
terminal and the corresponding capacitative element. The
amplifiers are configured to amplify an input signal by
switching between connection to a power supply and connec-
tion to a ground, and to control an output amplitude by chang-
ing the number of the amplifiers.

In another general aspect, the techniques disclosed here
feature a power amplifier including an output terminal, mul-
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2

tiple capacitative elements, multiple amplifiers, and an induc-
tor. The capacitative elements are disposed on a first circle
whose center is located on the output terminal. The amplifiers
correspond to respective capacitative elements, and are dis-
posed on a second circle which is a concentric circle larger
than the first circle. Each of the amplifiers is connected to a
corresponding capacitative element and linearly aligned with
the output terminal and the corresponding capacitative ele-
ments. The amplifiers amplify an input signal by switching
between connection to a power supply and connection to a
ground, and control an output amplitude by changing the
number of connections to the power supply. The inductor is
connected to the output terminal. The inductor and the capaci-
tative elements constitute a resonant circuit.

These general and specific aspects may be implemented
using a system, a method, and a computer program, and any
combination of systems, methods, and computer programs.

According to the present disclosure, in an SCPA, parasitic
capacitance and parasitic resistance which are caused by the
length of wiring may be reduced and the output power and the
power efficiency may be maximized. Additional benefits and
advantages of the disclosed embodiments will be apparent
from the specification and Figures. The benefits and/or
advantages may be individually provided by the various
embodiments and features of the specification and Figures,
and need not all be provided in order to obtain one or more of
the same.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 11is a diagram illustrating an exemplary configuration
of'an SCPA of the related art.

FIG. 2 is a diagram illustrating an exemplary equivalent
circuit including parasitic capacitance and parasitic resis-
tance in an SCPA of the related art.

FIG. 3 is a diagram illustrating an exemplary configuration
of an SCPA according to a first embodiment of the present
disclosure.

FIG. 4 is a diagram illustrating an exemplary configuration
of'an SCPA according to a second embodiment of the present
disclosure.

FIG. 5 is a diagram illustrating an exemplary configuration
of an SCPA according to a third embodiment of the present
disclosure.

FIG. 6 is a diagram illustrating of an exemplary embodi-
ment of an SCPA according to a fourth embodiment of the
present disclosure.

DETAILED DESCRIPTION

Embodiments of the present disclosure will be described
below in detail with reference to the drawings.
Output Power and Power Efficiency in an SCPA

Before description of the embodiments of the present dis-
closure, output power and power efficiency in an SCPA will
be described by using FIG. 2. FIG. 2 illustrates an exemplary
equivalent circuit including parasitic capacitance and para-
sitic resistance (parasitic elements) in an SCPA of the related
art.

The circuit in FIG. 2 has N amplifiers and N capacitative
elements (C,) in total, and amplifiers, the number of which is
n, among the N amplifiers are performing a switching opera-
tion (i.e., the n amplifiers are connected to a power supply V).
Portions which are arranged on the left side of each of the
capacitative elements in FIG. 2 and which are surrounded by
a dashed line correspond to an amplifier. To simplify calcu-
lation described below, the distance of wiring between an
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amplifier and its corresponding capacitative element is the
same as that between the capacitative element to a PAD
(exemplary output terminal, and hereinafter referred to as a
pad).

Symbols illustrated in FIG. 2 are as follows: R, repre-
sents a value obtained by dividing the ON resistance of a
MOS transistor by the number of amplifiers; C, represents a
total of capacitances in the diffusion portions of the MOS
transistors; R, represents a value obtained by dividing, by N,
a parasitic resistance for the wiring between an amplifier and
its corresponding capacitative element and between the
capacitative element to the pad; C, represents a total of para-
sitic capacitances for N wires, each of which is connected
between a corresponding one of the amplifiers and its corre-
sponding capacitative element; C_ represents a total of
capacitances of the N capacitative elements; C, represents a
total of parasitic capacitances of wires, each of which is
connected between a corresponding one of the capacitative
elements and the pad; Lb represents an inductor of bonding
wires in the package; L represents a resonant inductor; R, ,
represents an output impedance before matching performed
by a matching circuit; and RL represents a load.

In the configuration in FIG. 2, an output power P,
obtained by using Expression (1) described below.

may be

Ce

]2 2 M
Ce+Cp

Pow = Vop

2 Ropt n )2 (

2 N 2N
{Rope + = (Ron + R}
n

A power efficiency m may be obtained from the output
power P_ . and a power required to charge/discharge the
capacitances C, C, C,, and C, by using Expression (2)
described below.

4n? Cf 2)

n= 5
An2(C, + Cp)F + 282 (C + cp){Rop, Rt R,)}
n

[N = n)C2 + nN{C:Cp + (Cq + Cp}]

According to Expressions (1) and (2), the smaller the para-
sitic resistances R ,,,and R, and the capacitance values C, C,,
and C, are, the larger the output power P,,, and the power
efficiency 1 are. Therefore, for amplifiers, capacitative ele-
ments, and a pad on an IC chip, a layout which reduces the
parasitic capacitance and the parasitic resistance is required.

Accordingly, in SCPAs according to first to fourth embodi-
ments described below, wiring is made between an amplifier
to its corresponding capacitative element and between the
capacitative element and the pad in such a manner that the
distances are the shortest, resulting in reduction in the para-
sitic capacitance and the parasitic resistance and maximiza-
tion of the output power and the power efficiency.

First Embodiment

FIG. 3 is a diagram illustrating a configuration example of
the SCPA according to the first embodiment of the present
disclosure.

In FIG. 3, the SCPA includes a pad (PAD) 101, multiple
capacitative elements (C) 201 to 204, and multiple amplifiers
(AMP) 301 to 304. The capacitative elements 201 to 204
correspond to the amplifiers 301 to 304, respectively, in a
one-to-one manner.
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4

Each of the amplifiers 301 to 304 receives a phase modu-
lated signal, and the number of operating amplifiers is
changed through an amplitude modulation signal which is
separately supplied, whereby the amplitude of the phase
modulated signal is modulated, and vector modulation is
performed. In this case, the amplifiers 301 to 304 switch
between connection to the power supply and connection to
the ground, thereby amplifying the signal. The number of
connections is changed, whereby the output amplitude is
controlled. The amplified signal is output from each of the
amplifiers 301 to 304 via a corresponding one of the capaci-
tative elements 201 to 204 to the pad 101.

In FIG. 3, as an example, the number of capacitative ele-
ments is four and the number of amplifiers is four. However,
the present disclosure is not limited to these. The number of
capacitative elements and the number of amplifiers are pref-
erably, for example, a power of 2 from the viewpoint of easy
layout on an IC chip.

In FIG. 3, as an example, a pad is used as an output termi-
nal. However, the present disclosure is not limited to this. In
addition, the pad 101 is connected to a matching network
(matching circuit) as in FIG. 2, which is not illustrated in FIG.
3. Therefore, a signal which is input to the pad 101 is output
to the matching network via the bonding wire Lb and a lead
frame (not illustrated).

In the SCPA according to the first embodiment, the pad
101, the capacitative elements 201 to 204, and the amplifiers
301 to 304 are disposed on an IC chip (not illustrated) as
illustrated in FIG. 3. That is, the capacitative elements 201 to
204 are disposed on a circle a (exemplary first circle) whose
center is located on the pad 101. The amplifiers 301 to 304 are
disposed on a circle b (exemplary second circle) which is a
concentric circle of the circle a. The pad 101, the capacitative
element 201, and the amplifier 301 are aligned in a line.
Similarly to this, the pad 101, the capacitative element 202,
and the amplifier 302 are aligned in a line; the pad 101, the
capacitative element 203, and the amplifier 303 are aligned in
a line; and the pad 101, the capacitative element 204, and the
amplifier 304 are aligned in a line. The linear alignment
causes the distance of wiring between an amplifier and its
corresponding capacitative element and that between the
capacitative element and the pad to be the shortest.

As described above, in the SCPA according to the first
embodiment, the capacitative elements are disposed on the
circle a whose center is located on the output terminal; the
amplifiers are disposed on the circle b which is a concentric
circle of the circle a; and the output terminal, each of the
capacitative elements, and a corresponding one of the ampli-
fiers are aligned in a line. Thus, the distance of wiring
between an amplifier to its corresponding capacitative ele-
ment and that between the capacitative element and the output
terminal may be the shortest. Therefore, in the SCPA accord-
ing to the first embodiment, parasitic capacitance and para-
sitic resistance caused by the length of wiring may be
reduced, enabling the output power and the power efficiency
to be maximized.

Second Embodiment

FIG. 4 is a diagram illustrating a configuration example of
the SCPA according to the second embodiment of the present
disclosure. In FIG. 4, the same components as those in FIG. 3
are designated with identical reference numbers, and will not
be described.

In FIG. 4, in the circles a and b, no capacitative elements
and no amplifiers are disposed in a portion which protrudes
from an IC chip end 400. For example, compared with FIG. 3,
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the capacitative element 201 and the amplifier 301 are not
disposed in FIG. 4. Thus, the pad 101 is disposed near the IC
chip end 400.

As described above, the SCPA according to the second
embodiment may achieve the following effect in addition to
the effect of the first embodiment. That is, in the SCPA
according to the second embodiment, the capacitative ele-
ments and the pad are disposed in a portion which does not
protrude from the IC chip end 400, in the circles a and b. Thus,
the pad may be disposed near the IC chip end 400. Therefore,
in the case of the configuration in FIG. 3, it is impossible to
dispose the pad near the IC chip end 400, resulting in a long
wire from the pad and difficult assembly. In contrast, in the
configuration in FIG. 4, a wire with which the pad is con-
nected to a lead frame (not illustrated) of the IC may be
shortened, resulting in easy assembly.

Third Embodiment

FIG. 5 is a diagram illustrating a configuration example of
the SCPA according to the third embodiment of the present
disclosure. In FIG. 5, the same components as those in FIG. 4
are designated with identical reference numbers, and will not
be described.

In the configuration in FIG. 5, similarly to thatin FIG. 4, no
capacitative elements and no amplifiers are disposed in a
portion which protrudes from the IC chip end 400, in the
circles a and b. The configuration in FIG. 5 is different from
that in FIG. 4 in that the capacitative element 201 and the
amplifier 301 are disposed adjacent to the capacitative ele-
ment 203 and the amplifier 303. Thus, the pad 101 is disposed
near the IC chip end 400, and the number of pairs of a
capacitative element and an amplifier which are connected to
the pad 101 may be a power of 2 (four in FIG. 5).

As described above, the SCPA according to the third
embodiment may achieve the following effect in addition to
the effects of the first and second embodiments. That is, in the
SCPA according to the third embodiment, the number of pairs
of a capacitative element and an amplifier which are disposed
in a portion which does not protrude from the IC chip end, in
the circles a and b is a power of 2. Thus, an amplitude control
value for the SCPA is digitally represented. Typically, each bit
which represents a power of 2 indicates the number of ampli-
fiers and the number of capacitative elements. Therefore, the
configuration in FIG. 5 is easily achieved.

Fourth Embodiment

FIG. 6 is a diagram illustrating a configuration example of
the SCPA according to the fourth embodiment of the present
disclosure. In FIG. 6, the same components as those in FIGS.
4 and 5 are designated with identical reference numbers, and
will not be described.

FIG. 6 illustrates a configuration in which the total number
ofamplifiers is 64 (6 bits) and the total number of capacitative
elements is 64 (6 bits). The total of the amplifiers and that of
the capacitances are not limited to 64. In FIG. 6, similarly to
FIGS. 4 and 5, capacitative element groups (groups of 16
capacitative elements) 205 to 208 are disposed on the circle a
(not illustrated) whose center is located on the pad 101. In
FIG. 6, similarly to FIGS. 4 and 5, amplifier groups (groups of
16 amplifiers) 305 to 308 are disposed on the circle b (not
illustrated) which is a concentric circle of the circle a.

As described above, the SCPA according to the fourth
embodiment may achieve the effect of the third embodiment.

The SCPAs according to the first to fourth embodiments as
described above are mounted in a radio communication appa-
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6

ratus (transmission device, reception device) or the like which
performs communication, for example, by using radio waves.
The first to fourth embodiments are not limited to the
description above. Various modifications may be made with-
out departing from the gist of the embodiments.
The present disclosure is suitable for use of an SCPA.

What is claimed:

1. A power amplifier comprising:

an output terminal;

a plurality of capacitive element groups that are disposed
on a first circle whose center is located on the output
terminal, each of the plurality of capacitive element
groups comprises a plurality of capacitive elements; and

a plurality of amplifier groups that correspond to the plu-
rality of capacitive element groups, and that are disposed
on a second circle which is concentric with and larger
than the first circle, each of the plurality of amplifier
groups comprises a plurality of amplifiers,

wherein each of the plurality of capacitive elements in each
of the plurality of capacitive element groups is con-
nected to both the output terminal and a corresponding
amplifier of the plurality of amplifiers in a correspond-
ing amplifier group of the plurality of amplifier groups,
and

the plurality of amplifiers in each of the plurality of ampli-
fier groups are configured to amplify an input signal by
switching between a connection to a power supply and a
connection to ground, and to control an output amplitude
by changing a number of the amplifiers in each of the
plurality of amplifier groups.

2. A power amplifier comprising:

an output terminal;

a plurality of capacitive element groups that are disposed
on a first circle whose center is located on the output
terminal, each of the plurality of capacitive element
groups comprises a plurality of capacitive elements;

a plurality of amplifier groups that correspond to the plu-
rality of capacitive element groups, and that are disposed
on a second circle which is concentric with and larger
than the first circle, each of the plurality of amplifier
groups comprises a plurality of amplifiers; and

an inductor connected to the output terminal, the inductor
and the plurality of capacitive element groups constitut-
ing a resonant circuit,

wherein each of the plurality of capacitive elements in each
of the plurality of capacitive element groups is con-
nected to both the output terminal and a corresponding
amplifier of the plurality of amplifiers in a correspond-
ing amplifier group of the plurality of amplifier groups,
and

the plurality of amplifiers in each of the plurality of ampli-
fier groups are configured to amplify an input signal by
switching between a connection to a power supply and a
connection to ground, and to control an output amplitude
by changing a number of the amplifiers in each of the
plurality of amplifier groups.

3. The power amplifier according to claim 1, further com-

prising:

an IC chip on which the output terminal, the plurality of
capacitive element groups, and the plurality of amplifier
groups are mounted,

wherein the output terminal is disposed near an end of the
IC chip,

the plurality of capacitive element groups are disposed on
aportion of the first circle, which does not protrude from
the end of the IC chip, and
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the plurality of amplifier groups are disposed on a portion
of the second circle, which does not protrude from the
end of the IC chip.

4. The power amplifier according to claim 1, further com-

prising: 5

an IC chip on which the output terminal, the plurality of
capacitive element groups, and the plurality of amplifier
groups are mounted; and

an inductor connected to the output terminal,

wherein the output terminal is disposed near an end of the 10
IC chip,

the plurality of capacitive element groups are disposed on
aportion of the first circle, which does not protrude from
the end of the IC chip, and

the plurality of amplifier groups are disposed on a portion 15
of the second circle, which does not protrude from the
end of the IC chip.

5. The power amplifier according to claim 1,

wherein the number of the plurality of amplifiers in each of
the amplifier groups is a power of 2. 20

6. A transmission device comprising the power amplifier

according to claim 1.



